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ABSTRACT 
Among the wide range of additive manufacturing—or 

“three-dimensional (3D) printing”—technologies, “material 
jetting” approaches are distinctively suited for multi-material 
fabrication. Because material jetting strategies, such as 
“PolyJet 3D printing”, harness inkjets that allow for multiple 
photopolymer droplets (and sacrificial support materials) to be 
dispensed in parallel to build 3D objects, distinct materials with 
unique properties can be readily unified in a single print akin to 
combining multiple-colored inks using a conventional 2D color 
printer. Although researchers have leveraged this multi-material 
capability to achieve, for example, 3D functionally graded and 
bi-material composite systems, there are cases in which the 
interface between distinct materials can become a key region of 
mechanical failure if not designed properly. To elucidate 
potential design factors that contribute to such failure modes, 
here we investigate the relationship between the interface design 
and tensile mechanical failure dynamics for PolyJet-printed bi-
material coupons. Experimental results for a select set of bi-
material sample designs that were 3D printed using a Stratasys 
Objet500 Connex3 PolyJet 3D printer and subjected to uniaxial 
tensile testing using a Tinius Olsen H25K-T benchtop universal 
testing machine under uniaxial strain revealed that increasing 
the surface contact area between two distinct materials via 
changes in geometric design does not necessarily increase the 
interface strength based on the length scales and loading 
conditions investigated in the current study and that further 
studies of the role of multi-material geometric designs in 
interface integrity are warranted to understand potential 
mechanisms underlying these results. Given the increasing 
interest in material jetting—and PolyJet 3D printing in 
particular—as a pathway to multi-material manufacturing in 
fields including robotics and fluidic circuitry, this study suggests 
that multi-material interface geometry should be considered 
appropriately for future applications. 
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1. INTRODUCTION
Bi-material and composite systems offer significant

mechanical property advantages through the principle of 
combined action, thereby providing properties that are distinct 
from their single-material counterparts [1]. Thus, developing 
multi-material configurations holds potential for a wide range of 
applications, notably in the aerospace, automotive, construction, 
and medical industries [2-4]. For bi-materials and  composites, 
failure often occurs at the interface between the two materials—
a failure referred to as delamination [5,6]. When acted upon by 
an external force, cracks typically initiate at or around the 
interface because of a stress field singularity, resulting in crack 
growth as a primary failure mechanism [7-9]. Within bi-material 
systems, there are two bond failures to observe: adhesive and 
cohesive. Cohesive failure is where the material breaks 
away/fractures within itself (failure occurs in the bulk of the one 
material) while adhesive failure is where one material breaks 
away from the other material (failure occurs at the bi-material 
interface, delamination) [10]. Additionally, adhesion strength 
between interfaces correlates to the surface area between the 
interfaces, so increasing surface area between the interfaces will 
generally increase its strength [11-13]. Therefore, geometric 
patterns and designs create stronger adhesion between the 
interfaces, thus increasing the strength of the bi-material 
specimen [13].  

Moreover, conventional manufacturing approaches involve 
multiple steps which introduce non-uniform stress distributions, 
are labor-intensive, and have far worse resolution and accuracy 
controls with regard to the geometric patterns and designs that 
can be resolved [9,14,15] while additive manufacturing 
techniques can bypass such multi-material restrictions. As many 
additive manufacturing processes and materials are still 
relatively new, there remains knowledge gaps for mechanical 
properties and processing parameters that can impede more 
wide-spread adoption [16].  One form of additive manufacturing 
that has demonstrated the ability to create complex parts with 
multiple materials is the 3D printing technique of material 
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jetting, specifically PolyJet 3D printing, which harness inkjets 
that allow for multiple photopolymer droplets (and sacrificial 
support materials) to be dispensed in parallel to build 3D objects 
via line-by-line, layer-by-layer protocols [17-19]. Additionally, 
this technology allows for the production of parts with high 
geometric sophistication [17-20].   

A previous report examined the application of fractal 
geometry to design where composite samples, composed of 
compliant Agilus30 and comparatively rigid VeroMagentaV, 
showed enhanced mechanical properties and increased load-
bearing capacity for interlocking [20]. Using space-filling curve 
reinforcements (specifically, the Peano curve) in the bulk of the 
Agilus30, the investigators revealed enhanced stiffness for 
designs featuring second order Peano and horizontal-oriented 
reinforcements; however, no design existed at the interfaces 
between the two materials, and these areas were vulnerable to 
tensile forces as cracks initiated and propagated at these 
locations until total failure of the printed samples [20].  Similarly, 
another study, utilizing PolyJet printing to create specimens with 
different compositions of VeroMagentaV and Agilus30, 
displayed that the interface of the bi-materials withstood the 
stretching forces involved in tensile testing with increasing 
VeroMagentaV content [21]. Moreover, in a prior report by 
Hubbard et al. in which they harnessed PolyJet 3D printing to 
create multi-material soft robots, including a swimming robot 
and a robotic “hand” capable of playing video games, the 
researchers also examined multi-material PolyJet 3D printing-
based fluidic capacitors and found that distinct geometric 
patterns between the material boundary interface resulted in 
different burst pressures during fluidic loading [22]. Additional 
work, investigating the use of multi-material 3D printing on a 
combustion-powered robot with a rigid plastic core and a soft 
polymer exterior, revealed that the vast difference in elastic 
modulus between the multi-materials created a beneficial 
stiffness gradient that enhanced the desired performance of the 
robot [23]. Therefore, understanding the properties of such 
multi-material interfaces is important to emerging applications, 
yet the majority of previous research on PolyJet-based prints has 
focused primarily on testing single-material systems [16-18,24]. 
Given the increasing interest in material jetting and PolyJet 3D 
printing, in particular, as a pathway to multi-material 
manufacturing in fields including robotics, fluidic circuitry, and 
microfluidic technologies [22,23], this study suggests that multi-
material interface geometry should be considered appropriately 
for future applications. Thus, investigations of the relationships 
connecting multi-material interface geometry to mechanical 
performance are in critical demand. 
 
2. MATERIALS AND METHODS 

 
2.1. Interface Geometry Calculations 

There are numerous ways to potentially pattern the 
geometry at the bi-material interface, so design criteria were 
employed to determine the optimal configuration. The criteria 
chosen to evaluate the designs were moment for uniaxial tension, 
shape factor (which measures the strength of design based on the 

amount of material used versus its moment), and the surface area 
between the interfaces as this has been correlated to increased 
adhesion strength [11-13,25]. The shape of the design geometry 
and then the corresponding surface area based on the feature size 
of the chosen shape were used to select the interface designs. The 
moments (I) of common shapes were calculated using Eqs. 1-5: 
 

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑚𝑚𝑚𝑚4) = 𝑏𝑏4
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where b refers to the base of the square and hollow square 
respectively; a refers to the side of the equilateral triangle, r 
refers to the radius of the circle, and t refers to the thickness of 
the cross section in the hollow circle and hollow square 
respectively. These moment calculations were carried out for 
each shape and at each distinct feature size of the shape. 
Similarly, the shape factors (SF) of hollow circle and hollow 
square were determined using Eqs. 6-7 while the shape factors 
of the square, triangle and circle simplified to constant values, 
1.00, 1.15, and 0.955 respectively, due to their geometries. 
Additionally, the design proportions for each common shape 
remained the same as the feature size increased so that the shape 
factor remained constant for all design iterations regardless of 
feature size. 

𝑆𝑆𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 3
π
�𝑟𝑟
𝑡𝑡
�                            (6) 

𝑆𝑆𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1
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The hollow square design utilized all space between the 

interfaces to increase the surface area given the design samples 
were cuboids with overall dimensions of 30 mm × 90 mm × 10 
mm. The control samples, whose interfaces contained no 
geometric design (flat bi-material interface), had a surface area 
of 300 mm2 from the width of 30 mm and thickness of 10 mm. 
Since the control samples have the two materials lie flush at the 
interface with no design, these samples serve as a baseline to 
determine the utility of geometric designs at the interface to 
increase strength. Conversely, the surface area of the geometric 
designs was examined using a modified version of the surface 
area equation for a rectangular prism: 

 
𝑆𝑆𝑆𝑆(𝑚𝑚𝑚𝑚2) = 2(𝑏𝑏2 + 2𝑏𝑏𝑏𝑏)                            (8) 

 
where b is the base of the hollow square and x is depth of feature. 
The surface area calculations showed that the greatest increase 
in surface area resulted from the 0.5 mm design, and the 
remaining surface area calculations predictably decreased with 
the increasing feature size (Fig. 1). The depth of the hollow 
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squares was chosen to be 10 mm at each interface for a total of 
20 mm through each sample. 10 mm was the maximum distance 
that did not interfere with the tensile testing setup, thus allowing 
the largest possible gauge length (40 mm). 

 
FIGURE 1: CALCULATED SURFACE AREA BETWEEN THE 
BI-MATERIAL INTERFACES. 

2.2. PolyJet 3D Printing Process 
The samples were modeled using the CAD software 

Autodesk Inventor 2023 (Fig. 2A-E) and were then exported as 
two distinct STL files with each file corresponding to either the 
compliant or rigid material; the support material was generated 
automatically by the printer software. The STL files were 
imported into the computer-aided manufacturing (CAM) 
software, GradCAD Print (Stratasys), and then manufactured 
using a Stratasys Objet500 Connex 3 Multi-Material 3D printer. 
The print time took roughly 16 hrs, with Stratasys proprietary 
commercial materials of: Agilus30 Black, used for the flexible 
material, VeroWhite, used for the rigid material (Fig. 2F), and 
SUP706, used for the water-soluble support material. After 
printing, the support material was initially removed using water 
jetting, and then the samples were submerged in a chemical 
solution bath (97% DI water, 2% NaOH, and 1% Na2SiO3) for 4 
hrs to remove any remaining support material. Following post-
processing, the samples had no visible surface defects or printing 
errors. 

Regarding print parameters, careful consideration was given 
to the build orientation and support material options. Following 
previous results, the samples were printed horizontally in the x-
direction as it was found that samples printed in the x-direction 
were characterized by higher tensile strength than samples 
printed vertically in the z-direction [18], and the samples were 
isolated to one area on the build plate with each design in an 
individual row to ensure their mechanical integrity [24,26,27]. 
The five different interface configurations were each evaluated 
on four printed specimens (n=4) for a total of 20 printed 
specimens (Fig. 2G) which resulted in a total build dimension of 
90 mm × 190 mm × 55 mm. Moreover, support material for 
PolyJet printing has two distinct options for surface finish: 
glossy mode and matte mode. The mode chosen for the support 
material can impact mechanical integrity as parts generally end 
up breaking in places where the part goes from glossy to matte, 
and it has also been suggested that utilizing support material 
throughout the print creates designs with better geometry and 

greater dimensional accuracy [17,24,26]. Thus, the specimens 
were printed in matte mode to ensure uniform surface finish and 
mechanical integrity. 

2.3. Tensile Test Parameters 
In order to evaluate the strength at the interface, uniaxial 

tensile testing was performed on the samples. Testing was 
initiated using the Tinius Olsen H25K-T benchtop universal 
testing machine with the Vero sides, directly adjacent to the 
designed interface sections of the samples, being placed into the 
friction vice grips. The designed interfaces were not touching 
and were not placed into the vice grips. To effectively obtain the 
stress and strain relationship,  the uniaxial testing was performed 
with guidance from ASTM D638 in addition to the work by 
Subhas et al. [28] and Harding et al. [29], and testing maintained 
a uniform strain rate of 12.5 mm/min across all samples. 

 
FIGURE 2: CAD RENDERINGS AND INTERNAL CROSS-
SECTIONS OF (A) 0.5 MM DESIGN SAMPLE; (B) 1.0 MM DESIGN 
SAMPLE; (C) 5.0 MM DESIGN SAMPLE; (D) 10.0 MM DESIGN 
SAMPLE. (E) CAD RENDERING OF PLANAR CONTROL 
SAMPLE; (F) LABELED POLYJET PRINTED DESIGN SAMPLE; 
(G) PRINT ORIENTATION OF THE SAMPLES ON OBJET500 
CONNEX 3 PRINTER. 

2.4. Statistical Analysis Methods 
Data obtained from tensile testing was then evaluated using 

Student’s t-test, a statistical hypothesis test, to determine the 
statistical significance between the control samples and the 
patterned interface samples. Statistical significance indicated 
that the observed difference between the samples was convincing 
enough to demonstrate that the average maximum strain or the 
average maximum tensile stress between the patterned samples 
and control differed substantially. 

 
3. RESULTS AND DISCUSSION 

Statistical analysis of the tensile testing showed that the 
patterned interface (non-control) samples were statistically 
significant when compared to the control samples for strain (Fig. 
3A) as the average maximum strain for the control was 101.1% 
while the average maximum strain for the 0.5 mm, 1 mm, 5 mm, 
and 10 mm samples were 71.1%, 72.8%, 70.5%, and 68.4% 
respectively. Conversely, for stress, only the 0.5 mm and 1.0 mm 
samples showed statistical significance as their average 
maximum stresses (1.304 MPa and 1.332 MPa, respectively) 
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differed notably when compared to the control samples (Fig. 3B) 
which had an average maximum stress of 1.074 MPa. This infers 
that the 0.5 mm and 1 mm are the only design samples that offer 
a statistical improvement of strength when compared to the 
control sample and suggests that the feature size of the hollow 
square design be in the range of these values (0.5 mm-1 mm).  

Given it had the largest increased surface area, the 0.5 mm 
samples should have theoretically been the strongest sample. 
However, the 0.5 mm samples also pushed the feature resolution 
limits of the Objet500 printer which probably resulted in print 
defects (e.g., voids and small cracks) that hampered mechanical 
performance. These print defects could be contributed to a 
variety of factors; perhaps, the different cooling rates and 
shrinkage rates (i.e., CTE) of the materials, especially in very 
small areas where the materials overlapped. Moreover, the 
presence of defects at these smaller features sizes could explain 
why the 0.5 mm samples had slightly less strength than the 1 mm 
samples. Consequently, the 1 mm samples recorded the greatest 
average tensile strength. The design features for these specific 
samples were within the printer’s size/feature resolution of  
0.016-0.030 mm which probably resulted in little to no print 
defects. Surprisingly, the control samples demonstrated greater 
strength than the 5 mm and 10 mm design samples, which had 
average maximum stresses of 1.0382 MPa and 1.0514 MPa 
respectively. Since the 5 mm and 10 mm samples have large 
features within the feature resolution of the printer, print defects 
presumably did not largely contribute to the poor performance. 
Likely, the geometric design is primarily culpable, and it is also 
feasible that at a certain feature size there is no longer an 
advantage to having a design at the interface, a point of 
diminishing returns. 

 

 
FIGURE 3: (A) COMPARISON OF AVERAGE MAXIMUM 
STRAIN FOR DESIGN SAMPLES; (B) COMPARISON OF 
AVERAGE MAXIMUM TENSILE STRESS FOR DESIGN 
SAMPLES. 

Moreover, the fracture behavior and crack propagation 
during tensile testing provided additional insight into the 

performance of the samples. All of the samples, besides the 5 
mm samples, showed cohesive failure as they did not fail at the 
interface but rather in the Agilus30 (Fig. 4A-E). Intuitively, this 
may indicate that the samples are more reflective of the tensile 
strength and elongation of Agilus30 rather than the Vero 
material; however, reviewing the fracture behavior of each 
design sample (Fig. 4A-E) is more indictive of the range of 
tensile stresses observed. 
 

 
FIGURE 4: FRACTURE PROGRESSION AT 10 SECOND INTER-
VALS DURING TENSILE TESTING AND CORRESPONDING 
FRACTURE PATTERN OF (A) 0.5 MM DESIGN SAMPLE;                             
(B) 1.0 MM DESIGN SAMPLE; (C) 5.0 MM DESIGN SAMPLE;                  
(D) 10.0 MM DESIGN SAMPLE; (E) PLANAR CONTROL SAMPLE. 
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To understand the mechanism that caused the 5 mm samples 
to exhibit adhesive failure at the interface, the design geometry 
needs to be reviewed. Recall that the 0.5 mm, 1 mm, and 5 mm 
samples had asymmetric interface designs with both Vero and 
Agilus30 at the corners/edges of their designs, whereas the 10 
mm samples had a symmetric design with only Vero at the edges. 
As the feature size increased from the 0.5 mm samples to the 5 
mm samples, the amount of crack propagation at the interface 
also increased until failure occurred at the interface for the 5 mm 
samples. Examining this fracture behavior reveals that there is a 
critical feature size which is the maximum size that the base of 
the hollow square design can be before it leads to failure at the 
interface. Alternatively, in the context of the fracture behavior, 
critical feature size can be thought of as allowable flaw size. 
Since Agilus30 is the weaker of the two materials at the interface, 
it allowed cracks to form and propagate faster than in Vero. 
Furthermore, the Agilus30 would initialize cracks and propagate 
until it reached the Vero section where propagation would slow 
down. Initially, for the 0.5 mm and 1 mm samples, this did not 
contribute significantly to either the fracture behavior or the 
values of tensile strength as the crack lengths were relatively 
small. These initial cracks at the Agilus30 edges of the interface 
would propagate slowly or even cease for the 0.5 mm and 1 mm 
samples at the next Vero layer; this would then lead to crack 
formation and propagation in the bulk of the Agilus30 until 
failure occurred. However, when the feature size increased to 5 
mm, the crack length increased accordingly such that less stress 
was required to cause failure at the interface. 

Another anomaly amongst the testing data was the 10 mm 
samples elongating least out of the non-control samples as this 
opposes the trend that the elongation before failure increases 
with increasing feature size. However, the amount of VeroWhite 
in the 10 mm samples and the feature size of these Vero regions 
were greater than the other samples which probably caused the 
10 mm samples to exhibit strain behavior more consistent with 
the stiffer Vero rather than the flexible Agilus30. These large 
Vero regions at the edges may have also been counter-intuitive 
in strengthening the 10 mm samples as there was no deformation 
at the interface causing cracks to form and propagate in the bulk 
of the Agilus30. Consequently, stress was concentrated in the 
Agilus30, leading to premature failure. 

Overall, the results of tensile testing with statistical analysis 
and fracture behavior observations suggest that a hollow square 
design with a feature size between 0.5 mm and the critical feature 
size (between 1 mm and 5 mm) will produce samples with the 
greatest tensile strength. Also, in the context of this study, 
cohesive failure was more desirable for the samples than 
adhesive failure as it demonstrated that the interface bond 
between the Vero and Agilus30 was stronger than the internal 
structure of the Agilus30. 
 

4. CONCLUSION 
Understanding the impact of interface geometry on the 

strength of bi-material designs is crucial in advancing the use of 
multi-material PolyJet printing for applications where single-
phase materials cannot meet demands. Here five geometrically 

different bi-material designs were presented and tested by 
performing uniaxial tensile tests under uniform strain rates. 
Contrary to expectations, increasing the surface contact between 
the two distinct materials by changes in geometric design did not 
necessarily increase its strength. It was also determined that there 
was a certain range of feature sizes (critical feature size) for the 
hollow square samples where the strength and fracture behavior 
both deviated. Future research into utilizing fractal geometry in 
the bulk of the weaker material (Agilus30) and/or at the bi-
material interface shows promise and could build upon the work 
laid out in this paper. Furthermore, more application-specific 
geometries could now be investigated to fit target needs and 
various environmental conditions (e.g., temperature, humidity, 
pH). In addition, as researchers have demonstrated alternative 
types of multi-material 3D printing approaches, such as “Direct 
Laser Writing” [30,31], it is possible these results could be 
applied beyond PolyJet 3D printing specifically.   
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